The effect of silicon carbide (SiC) 
INTRODUCTION
Polymer based composites have been increasingly used for numerous tribological applications such as seals, gears, bearings, cams, wheels, brakes and clutches, for they have the ability to provide light weight alternatives to conventional materials. Polymer composites are promising in tribological applications due to the possibility of tailoring their properties with special fillers such as MoS2, CuO, CuS, Al 2 O 3 , graphite, tungsten carbide, tantalum, niobium, bronze and silicon carbide (SiC) [1] [2] [3] [4] . Thermoset epoxy resins are extensively studied as a matrix material for composite structures as well as adhesives for space and aerospace applications because they exhibits low shrinkage, higher mechanical properties, easy fabrication, excellent chemical and moisture resistance, good wettabality and good electrical characteristics [5] [6] .
Wear is defined as damage to a solid surface, generally involving progressive loss of material, due to relative motion between the contacting surfaces. Abrasive wear is caused due to hard particles or hard protuberances that are forced against and move along a solid surface [7] [8] . Abrasive wear is usually divided into two types: two-body and three-body abrasion. The situation where exactly two bodies are involved in the interaction is known as two-body abrasion. Two-body abrasive wear is caused by the displacement of material from a solid surface due to hard particles sliding along the surface or when rigidly held grits pass over the surface like a cutting tool. In three body abrasive wear the grits are free to roll as well as slide over the surface. Two-body abrasive wear is a complex process often involving high strain and plastic deformation and fracture of micro volumes of the material, which might be described as the removal of discrete surface by a harder substance which tends to gauge, score, or scratch [9] . Significant differences between two-body and three-body abrasive wear have been revealed by Emory et al. [10] and Sasada et al. [11] . They have found the three-body abrasive wear to be ten times lower than the two-body abrasive wear since it has to compete with other mechanisms such as adhesive wear. The two-body abrasive wear is undesirable due to high wear rates, dramatic surface damage, and activation of other wear mechanisms. Two-body abrasion test was conducted with abrasive papers or rough metal counterfaces where abrasive is fixed. In fact, in practical applications, many components, for example, conveyor belt, shuttle, tillage tools and wind blades are subjected to two-body abrasive wear. The studies covering eighteen types of polymers, low-density polyethylene (LDPE) exhibited the lowest wear rate in abrasion against rough mild steel but the highest wear rate in abrasion with coarse silicon carbide (SiC) abrasive paper [12] [13] [14] [15] . Many researchers have studied the abrasive wear behaviour of polymer composites [16] [17] [18] [19] [20] . Suresha et al. [21] investigated the three-body abrasive wear behaviour of SiC and graphite fillers filled glass fabric-vinyl ester composites. They concluded that SiC filled composite showed excellent abrasion resistance.
The aim of the present investigation is to correlate the two-body dry abrasive wear of unfilled glass epoxy (GE) composite and 6 wt. % SiC particulate filler loaded GE composite. 
Fabrication of Composites
A bidirectional glass woven fabric cut as per the required dimension, a bifunctional epoxy resin and hardener (epoxy-diglycidyl ether of butane diol/cyclo aliphatic amine) mixture in the ratio of 100:38 by weight was used as a matrix. The weight percentage of glass fabric in composite was 48 + 2 %. The formulation of the composites is given in Table 1 . A releasing agent is applied on the smooth surface of the mold for easy removal of the composite stack and to obtain accurate surface finish. A typical hand lay-up procedure consists of placement of fabric one above the other, for each placement of fabric a well stirred mixture of epoxy resin and hardener is applied. The exposed side of the stack was covered by cellophane membrane and sealed round the periphery by using suitable sealant. 
Techniques
The impact strength of the specimens was measured by using Notched Impact Tester (M/s. International Equipments, Mumbai, India) as per ASTM D-256 test method. The surface hardness of the composite was measured using shore D Durometer (M/s. P.S.I Sales Pvt. Ltd., India) as per ASTM D 2240 specification.
Two-body abrasive wear test was conducted by using a pin-on-disc machine as per ASTM-G99.
The surface of the sample (5 mm x 5 mm x 2.8 mm + 0.2 mm) glued to a pin of dimensions 10 mm diameter and 25 mm length, which comes in contact with water proof silicon carbide (SiC) abrasive papers. The SiC paper is glued on a steel disc by using a suitable adhesive. For different abrading distances new SiC abrasive paper has been used. Scanning electron microscopy (SEM) photo of SiC abrasive paper of 600 and 1000 grit size before the wear test is shown in Fig. 2a and 2b respectively. The abrasion wear test was conducted on a track of 20 mm diameter. The composite specimens were abraded against 600 and 1000 grit SiC papers at a constant load of 10 N, at 200 rpm and at four abrading distances viz., 25, 50, 75 and 100 m under multipass condition. The surface of the samples is cleaned with a soft paper soaked in acetone before the test. The specimen weight is recorded using an electronic balance (made A&D GR-300, 0.1 mg accuracy). The difference between initial and final weight of the specimen were measured as the slide wear loss. A minimum of three trials for each specimens was conducted to ensure repeatability of test data. The frictional force is measured by attaching a force transducer on pin-on-disc machine and it touches the loaded lever arm (Fig. 3 ). The coefficient of friction was obtained by dividing the tangential frictional force by the applied normal force. The weight loss was converted into volume loss by using a measured density of the specimen. The specific wear rate (K S ) was calculated using following mathematical relation:
where, ∆V is the volume loss in m 3 , L is the load in Newton, and d is the abrading distance in meters.
The worn surface of the composite specimen was examined using a scanning electron microscope (SEM) (S3000H, V1, Hitachi). 
RESULTS AND DISCUSSION

Impact strength
The measured impact strength and surface hardness of all the composites are shown in Table 2 .
The notched Izod impact strength of GE composite was found to be 453 J/m. The incorporation of 6 wt. % SiC particulate filler into GE composite enhanced the impact strength significantly from 453 to 615 J/m. That means about 36% improvement in fracture toughness after incorporation of SiC filler. The measured surface hardness values of GE and SiC filled GE composites were found to be 85 and 88 shore D respectively. The surface hardness value of the SiC filled GE composite has been slightly higher than the unfilled composite. This is due to SiC is comprising of tetrahedral crystals of carbon and silicon atoms with strong bonds in the lattice. This exhibits a very hard and strong material that has the ability to provide reinforcement. It is evident that the SiC filled composite showed higher impact strength and higher hardness value confirming the effect of silicon carbide as filler. 
Fracture Analysis
The SEM images in Figs. 4a-b and 5a-b show the fractured surfaces (obtained by impact test) of the unfilled and SiC particulates filled composite systems, respectively. The SEM images revealed that brittle type of fracture for unfilled GE composites, along with instant multiple fractures. For unfilled GE composites the fracture was brittle and could be explained by the plastic deformation of the matrix after fiber breakage. The SEM images shown in Fig. 4b supported interfacial adhesion between fiber and matrix. Other important failure mechanisms of the composites such as fiber fracture and resin fracture were also observed in the SEM images in Fig. 4a .
Vol
SEM images of the SiC particulates filled GE composite fractured surface (obtained by impact test) revealed very different fracture morphologies as shown in Fig. 5a and 5b than that of the unfilled GE composite. SiC filled GE composites revealed the simultaneous breakage of fibers and matrix, which evidenced better interfacial adhesion is shown in Fig. 5b and led to a higher impact toughness. The hard SiC particles appearance on the matrix surface was attributed to the improvement in impact strength. Other important failure features, such as a ridge in the matrix (marked as "a"), radial pattern on the fiber (marked as "b"), fiber fracture (marked as "c") and SiC particles adhering to the surface of the fiber (marked as "d") and good fiber matrix bonding are also evident in the SEM pictures Fig. 5b . 
Abrasive Wear Loss
The graphical plots of two-body wear loss as a function of abrading distances of unfilled and SiC particulates filled GE composites abraded against abrasive papers of 600 and 1000 grit SiC are shown in Fig. 6a and 6b, respectively. From Fig. 6a-b , it is obvious that the wear loss of composites increases with increase in abrading distances. As increase in abrading distances, the wear debris consists of shear deformed polymer matrix containing broken pulverized glass particles and SiC particles on the counter surface. The particles can either be lost from the contact zone or remain there for a fixed time as a transfer layer. In such cases, their polymer component can barrier the counter surface asperities and reduces the effective toughness, but the broken pulverized glass particles can act as a third body abrasive leading to enhanced roughening of the counter surface. Hence the wear loss increases with increase in abrading distances. The wear loss of unfilled GE is much higher than those of SiC filled GE composite.
The SiC filled composite exhibited the higher wear resistance under different abrading distances. This behaviour can be attributed to the presence of SiC particles on the counter surface, which act as a transfer layer and effective barriers to prevent large-scale fragmentation of epoxy. This is also evident from the small size of the wear debris particles as determined by SEM analysis (refer Figs. 11a-b and 13a-b). The lowest wear loss of 5x10 -3 g was observed for GE-SiC composite at 25m abrading distance in 1000 grits SiC paper and highest wear loss of 13x10 -3 g was observed for GE composite at 100 m abrading distance in 600 grits SiC paper. In addition, the higher wear loss was noticed at the specimens worn on 600 grit SiC paper than 1000 grit SiC paper. This is due to the larger size of the abrasive grains in 600 grit SiC paper causing greater damage to the specimen surface. In unfilled GE composites shows an excessive surface damage was seen and due to its brittle nature and the dominant cutting wear mechanism. This is also evident from the photo micrograph in Fig.10 and Fig.12 . The wear data of the composites reveal that the wear behavior strongly depends on the grit size of the abrasive paper.
Coefficient of Friction
The plots of coefficient of friction as a function of abrading distances of GE and GE-SiC composites at a constant load of 10 N and abraded against 600 and 1000 grits SiC papers were shown in Fig. 7a and b . The unfilled GE composite abraded against SiC paper due to rapture at the interface of the composite causes matrix debonding. From the Fig. 7a-b it was noticed that coefficient of friction decreases with increase in abrading distance for all the composites. This is due to at an increase in abrading distance some of the worn debris clog the abrasive paper and reduces the further coefficient of friction. In multipass testing as per the current studies, the passage of the specimen slides over the same wear track, the wear debris are formed and accumulates in spaces between the abrasive grits and are termed as clogging of the abrasive grits [22] [23] [24] . Fig. 8 shows the clogging of the abrasive grits with wear debris of SiC filled composite and clogging of the abrasive grits that has a dominant effect on the wear rate of SiC filled composite. This result clearly indicates that wear mechanism of SiC filled composite is different from unfilled GE composite. The SiC filled composite shows higher coefficient of friction and less wear loss as compared to unfilled GE composite. This is due to in SiC rich surface layer and the well bonded SiC particles in matrix. During abrasion the SiC particles are well entrapped in between the specimen and the counter surface. As compared to composites was rubbed against 600 grit SiC paper (Fig.7a) , in 1000 grit SiC paper (Fig.7b) , it was noticed that the rate of reduction of coefficient of friction becomes slow and highest coefficient of friction was observed 240 N. Mohan, S. Natarajan, S.P. Kumaresh Babu , Siddaramaiah Vol. 9, No.3 when the composite are rubbed against 1000 grits SiC paper because of more adhesive friction and less coarse action of the abrasive paper. Fouquet [25] reported that the presence of silicon in the composite matrix greatly influences the third body morphology and generates adhesive friction due to increase in coefficient of friction there by leading to less wear. Fig. 8 . Clogging of the abrasive grits by SiC filled GE composites on 600 grit SiC Paper.
Specific Wear Rate
The plot of specific wear rate versus abrading distance of composites at constant load of 10 N and abraded against 600 and 1000 grit water proof SiC papers is presented in Fig. 9a and 9b , respectively. The specific wear rate significantly reduces as increase in abrading distances and grit size of the SiC abrasive paper. Fig. 9 reveals that a drastic reduction in specific wear rate with an increase in abrading distances from 25 m to 50 m. However, with further increase in abrading distances above 50 m the rate of reduction in specific wear rate was found to slowing down.
The variation of specific wear rate with abrading distances from 50 to 100 m follows a linear behaviour. This can be attributed to the following reasons: (i) initially when the specimen is in contact with the abrasive paper the specific wear rate is high and (ii) with increase in abrading distance some of the worn particles clog the abrasive paper and slows down further wear. At lower abrading distance, low modulus polymer matrix (soft component) was exposed to abrasion and hence, high specific wear rate. At higher abrading distance high modulus glass fabric was exposed to abrasion, which showed low specific wear rate. This is due to their (fibers) high hardness values, better resistance against abrasion and in turn, abrasive particles have to work more to facilitate failure in the fibers (i.e., much higher amount of energy is required to facilitate fiber failure). Thus, the rate at which the material is removed with respect to the abrading distance decreases (Figs. 9a and b) . The obtained specific wear rates are in agreement with the findings reported in the literature [26] [27] [28] . This result clearly indicates that the specific wear rate depends on abrading distances and grit size of abrasive papers. at 1000 grit SiC paper were observed. The matrix used in this work is thermoset and the reduction in specific wear rate after incorporation of SiC filler in GE composite. Fig. 9 . The plot of specific wear rate versus abrading distance for GE and SiC filled GE composites abraded against, (a) 600 grit SiC paper and (b) 1000 grit SiC paper.
WORN SURFACE ANALOGY
The worn surface features of the composite specimen was examined using a scanning electron microscope (SEM). The SEM features of the worn surfaces of unfilled and SiC filled GE composite samples at a constant load of 10 N for two abrasive SiC papers (600 and 1000 grit) and at two abrading distances (25 and 100 m) are shown in Figs. 10-13. The surface features of unfilled GE composite worn surfaces abraded at 25 and 100 m as shown in Fig. 10a and b. SEM images of higher abrading distance Fig. 10b depicted that more damage to the epoxy matrix and glass fibers as compared with that of lower abrading distance (Fig.10a) . Fig.10a evidenced the micro-cracking, chip formation, exposure of fibers, and less fiber breakage. As in Fig. 10b fiber cutting and void formation due to chips out of matrix are seen predominantly perpendicular to the wear direction. There is evidence of matrix removal and deep furrows in the epoxy matrix as shown in Fig. 10b . Furthermore, severe damage to the fibers, crushed and fragmented fibers, and delamination between fiber and matrix were noticed at higher abrading distance (Fig. 10b) . The abrasive wear loss of unfilled GE composite is higher than the GE-SiC composite because of the soft matrix exposed to abrasion force. The GE system showed severe matrix failure for at the initial stage of abrasion, hard abrasive particles was in contact with soft matrix resulting in severe matrix damage and the rate of material removal was very high.
SEM images of worn surface of GE-SiC composite at 600 grit SiC paper at 25m showed smooth surfaces less matrix damage and matrix is well bonded with fiber and it protects the fiber in position as shown in Fig. 11a where as SEM images at higher abrading distance 100 m showed rough surface. Fig. 11b also reveals formation of fiber skin. This result clearly indicate as abrading distance increases wear loss also increases. The wear behaviour was found to be varying with grit size of the abrasive papers. The surface of composite specimen abraded against 1000 grit SiC paper was less damaged (Figs.12 and 13) as compared to the specimens abraded against 600 grit SiC paper (Figs. 10 and 11 ) under the same test condition. The damage of the matrix and fiber were found to be much thinner and lesser for the composites abraded at 1000 grit SiC paper as compared to 600 grit SiC paper. In case of GE composites, a thin layer of matrix was eroded as shown in Fig.12a . In Fig.12b , displacement of broken fibers, debris formation and fiber skin formation followed with fiber damage were noticed. The worn surface of SEM images of SiC filler loaded composite ( Fig.13a-b) showed less damage to matrix and embedded fiber as expected. This is due to the 244 N. Mohan, S. Natarajan, S.P. Kumaresh Babu , Siddaramaiah Vol.9, No.3 incorporated hard SiC particles present along with matrix on surface of the composite specimen, which acts as antiwear additive and hence retard the wear loss.
CONCLUSIONS
The two-body wear behaviors of unfilled and SiC particulates filled GE composites were studied. The following are the salient observations made from the aforesaid investigation.
• Impact test results indicate a significant improvement in impact strength (36%) after incorporation of SiC filler.
• The two-body abrasive wear performance of GE and GE-SiC composites depends significantly on the abrading distances and grit size of the abrasive paper. The wear loss was found to increase in composites with the increase in abrading distances.
• The enhancement on the wear resistance after incorporation of SiC filler in GE composite was generally associated with less matrix and less fiber damage and/or removal. SiC filled GE composite exhibits better wear resistance under all test conditions.
• SEM observations threw light on features such as matrix fracture, inclined fiber fracture, and disorientation of transverse fibers. The unfilled GE composite worn surface features exhibits severe matrix damage, fiber exposure, fiber thinning, great damage to fiber and separation of fibers from the matrix. However, SEM studies revealed that in SiC filled GE composite severity and the extent of damage on the surface become less as noticed in the softer region owing to the presence of hard SiC particles phase.
• The performance of SiC-filled GE composite is found better than unfilled GE composite.
